We have shown that electroacupuncture (EA) inhibits sympathoexcitatory rostral ventrolateral medulla (rVLM) neurons and reflex responses following activation of a long-loop pathway in the arcuate nucleus and ventrolateral periaqueductal gray (vlPAG). Additionally, EA at P 5-6 acupoints (overlying the median nerve) activates serotonin containing neurons in the nucleus raphé pallidus (NRP), which, in turn, inhibit rVLM neurons. Although direct projections from the vlPAG to the rVLM exist, it is uncertain if an indirect pathway through the NRP serves an important role in vlPAGrVLM cardiovascular modulation. Therefore, the splanchnic nerve (SN) was stimulated to induce cardiovascular sympathoexcitatory reflexes and EA was applied at P 5-6 acupoints in α-chloralose anesthetized cats. A single barreled recording electrode was inserted into the NRP or rVLM. Microinjection of dl-homocysteic acid (DLH) into the vlPAG increased the NRP neuronal response to SN stimulation (5±1 to 12±2 spikes/30 stim). Likewise, EA at P 5-6 for 30 min increased the NRP response to SN stimulation (3±1 to 10±2 spikes/30 stim), an effect that could be blocked by microinjection of kynurenic acid (KYN) into the caudal vlPAG. Furthermore, the reflex increase in BP induced by application of bradykinin to the gallbladder and the rVLM cardiovascular presympathetic neuronal response to SN stimulation was inhibited by injection of DLH into the vlPAG, a response that was reversed by injection of KYN into the NRP. These results indicate that EA activates the vlPAG, which excites the NRP to, in turn, inhibit rVLM presympathetic neurons and reflex cardiovascular sympathoexcitatory responses.
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The left femoral vein was cannulated for administration of drugs and fluids.
Systemic arterial blood pressure was monitored by a pressure transducer (model 1290, Hewlett-Packard, Waltham, MA) attached to a cannula inserted into the left femoral artery.
A laparotomy provided exposure of the gallbladder and isolation of the splanchnic nerve. The splanchnic nerve was placed on a bipolar stimulating electrode connected to an isolation unit and a stimulator (Grass, model S88). The epoxy glue , vinyl polysiloxane impression material, (VPS Pentron, Wallingford, CT) was used to isolate the electrode and to hold the intact nerve in place. In a few experiments near the end of experiment, the splanchnic nerve was tied at the distal end, stimulation of its central part showed the same result as with stimulation of the intact nerve. The abdominal wall was closed with clips to maintain moisture in the abdominal cavity and to prevent heat loss. The abdominal cavity was reopened only when filter paper, dipped in bradykinin (BK, 10 μg/ml), was applied to the serosal surface of the gallbladder.
Thereafter, the neural axis of the cat was stabilized with a stereotaxic head frame (Kopf). A dorsal craniotomy was performed to expose the midbrain vlPAG, medullary rVLM (bilaterally) and NRP (midline) for microinjection of agonists, antagonists or vehicle controls and for recording extracellular activity.
An incision was made in the left flank region of the cat and the retroperitoneal renal sympathetic nerve was exposed for renal sympathetic nerve recordings. A dissecting microscope (Zeiss) was used to isolate a branch of the renal nerve from connective tissue. The nerve was covered with warm mineral oil and placed across one pole of the recording electrode while the other pole of the electrode was grounded with a cotton thread to the animal.
Stimulation, Recording and Microinjection Methods
The splanchnic nerve was stimulated with 0.2-0.4 mA, 0.5 ms pulse duration at 2 Hz with a Grass stimulator (Model S88K) at a level sufficient to induce a reflex increase in blood pressure. Electroacupuncture was applied bilaterally using pulses of 1-4 mA, 0.5 ms duration and 2 Hz at the P 5-6 acupoints (pericardium meridian, also designated as PC) for 30 min. We have demonstrated previously that EA at these locations (pericardium meridian, Neiguan and Jianshi, referring to P 5 and P 6, respectively, located 1.5-2.0 and 2.5-3.0 cm above the wrist between the ligaments of the flexor carpi radialis and the palmaris longus) stimulates the median nerves that project to the spinal segments between C 8 and T 1 to the obex) and was lowered 5.5 mm in from the surface to reach the rVLM. Evoked activities of NRP and rVLM neurons were recorded during stimulation of the splanchnic nerve and P 5-6 acupoints. All recorded neurons were identified by observing evoked activity during both splanchnic nerve and P 5-6 acupoint stimulation, thus documenting that they received visceral and somatic convergent input.
We used peristimulus time histogram analysis to assess evoked responses to stimulation of the splanchnic and median nerves and to evaluate the influence of EA on NRP and rVLM neurons. Action potentials were amplified with a preamplifier (Neuroprobe Amplifier Model 1600, A-M Systems, Inc.) attached to a Nerve Traffic Analysis System 662C-3 (Bioengineering, College of Medicine, University of Iowa), then were filtered (3-10 KHz) and monitored with an oscilloscope (Tektronix 2201). Action potentials, blood pressure and heart rate were digitized and analyzed online with a Pentium IV computer and a four-channel data acquisition system (SHMU; Shanghai Medical College of Fudan University, China). A subgroup of rVLM neurons also was characterized by evaluating the relationship between rVLM discharge and renal sympathetic nerve activity to determine if they could be classified as presympathetic in function. To record renal activity, a recording electrode was attached to a highimpedance probe (model P511k). The signal was amplified and processed through an audio amplifier, monitored with the oscilloscope then processed with the computer for on-and offline analyses through the four-channel data acquisition system. The electrical noise level in the neural recordings was determined by crushing the nerves at the end of the experiments. A window discriminator was set with a threshold just above the noise level so that only renal nerve discharge signals were counted. The relationship between neural activity, renal sympathetic nerve discharge, and blood pressure was assessed with time domain analysis using arterial pulse or spike-triggered averaging and with frequency domain analysis using coherence (1; 14; 21; 22) The time domain analysis involved either arterial pulse-triggered or spike-triggered averaging while frequency domain analysis compared autospectra of rVLM activity with either BP or renal nerve activity using a Fast Fourier Transform (FFT) algorithm (18; 21) . A threshold was set at the systolic phase of the arterial pulse and used spike height discrimination and waveform recognition to sort action potentials during the evaluation period of 300 s. Averages of the arterial pulse and histograms of sympathetic discharge and rVLM neuronal activity were constructed as in our previous studies (14; 15; 23).
As described previously, (18; 21; 23) we recorded data using a sampling rate of 10,000 Hz. The reconstructed data utilized every tenth sample, including assessment of the mean and peak amplitudes and the maximum and minimum slopes of the original spike to preserve the action potentials. We sorted and identified spikes with a window discriminator to construct histograms prior to coherence analysis. The number of data sections (15-20 each lasting for 12.8 s) was chosen to determine the average histogram. Autospectra of rVLM discharge and arterial blood pressure or renal sympathetic activity were generated with the FFT. Then, coherence was generated with seven overlapping windows, each with a length of 12. 
Chemicals for microinjection
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO). The glutamate agonist dl-homocysteic acid (DLH, 4 nM) and the glutamatergic antagonist kynurenic acid (KYN, 100 nM) were dissolved in normal saline. We microinjected 50 nl of DLH, KYN or saline into the vlPAG or NRP.
Verification of injection and recording sites
Animals were euthanized with α-chloralose followed by intravenous saturated KCl at the end of each experiment. Recording sites then were marked by microinjection 
Experimental Protocols
Hemodynamic study. Pledgets of filter paper (1 cm 2 ) soaked in a solution of bradykinin (10 µg/ml) applied to the gallbladder in seven cats induced consistent reflex increases in blood pressure in response to repetitive gallbladder stimulation. Recovery periods of at least 10 min were provided between consecutive stimuli to prevent tachyphylaxis. In nine other animals, bradykinin was applied eight times to the gallbladder to induce repetitive increases in blood pressure over a period of 80 min.
After the first two consecutive applications of bradykinin, 50 nl DLH (4 nM) was microinjected in the vlPAG. KYN (100 nM, 50 nl, five cats) or saline (50 nl, four other cats) was administered into the NRP. Thus, these protocols evaluated the magnitude of the gallbladder blood pressure reflex during excitation of the vlPAG following glutamate receptor blockade of the cell bodies in the NRP.
Electrophysiological study
All NRP and rVLM neurons evaluated in this study received convergent input from the splanchnic and median nerves as well as the baroreceptors. Each neuron was identified for sympathoexcitatory cardiovascular rhythmicity over a period of 5 min by noting their close correlation with renal sympathetic nerve activity and BP using pulse or spike-triggered averaging as well as coherence analysis (14; 20; 23) . The neurons also were examined for their responsiveness to cardiovascular stimulation by altering baroreceptor input following administration of nitroglycerin or phenylephrine.
To examine the effect of vlPAG excitation on NRP neurons and the electrophysiological relationship between the vlPAG and NRP, microinjection and recording electrodes were positioned in both nuclei. During repeated stimulation of the splanchnic nerve, DLH (n=5) or NS (n=6) was microinjected into the vlPAG two minutes before the third splanchnic stimulation. Evoked activity was assessed following stimulation of the vlPAG.
EA was applied at P 5-6 for 30 min during assessment of the NRP neuronal responses to splanchnic nerve stimulation. After two consecutive stimulations of the splanchnic nerve, NS (n=5) or KYN (n=5) was microinjected into caudal vlPAG just before the onset of EA. Before, during and after EA was terminated, the NRP neuronal response to splanchnic nerve stimulation was recorded every 10 min for 60 min.
To examine the role of the NRP in the vlPAG Inhibition of rVLM neurons repeated splanchnic nerve stimulation was applied four times every 10 min. After two control recordings of the rVLM neuronal response, DLH was injected into vlPAG to inhibit the rVLM. Then, either KYN (n=5) or NS (n=4) was injected into NRP to examine the role of this nucleus in the vlPAG-induced rVLM inhibition.
Verification of injection and recording sites
Animals were euthanized with α-chloralose followed by intravenous saturated were compared. These tests represent a pair wise multiple comparisons procedure. We also used a one way ANOVA to compare the data between different groups following injection of DLH, Kyn or NS. We utilized SigmaStat and SigmaPlot software (Jandel Scientific, San Rafael, CA) for statistical analysis and graphing. The 0.05 probability level was used to discern statistically significant differences.
Results
Hemodynamic study BK applied to the gallbladder every 10-15 min induced consistent increases in BP in seven animals (Fig. 1A) . Following two control stimulations of the gallbladder, DLH injected into the vlPAG in five other animals reduced the reflex response from 62±6 to 32±6 mmHg (P<0.05). This inhibition was reversed transiently to 51±7 mmHg immediately following microinjection of KYN into the NRP (Fig. 1C) ; the same volume of NS in the NRP did not influence the vlPAG-induced inhibition (Fig. 1B) .
Electrophysiological study Excitatory vlPAG-NRP projection
The spontaneous firing rate in five NRP neurons averaged 2±1 spikes/s.
Stimulation of the vlPAG with DLH did not change the spontaneous firing rate (4±2 spikes/s, P>0.05). Splanchnic nerve stimulation evoked a response of 5±1 spikes/30
stim. Following stimulation of the vlPAG, the NRP response to splanchnic nerve stimulation was increased to 12±2 spikes/30 stim (P<0.05) (Fig. 2A) ; conversely, saline in the vlPAG did not affect the evoked NRP response (Fig. 2B) .
EA action on NRP neuronal activity
The NRP neuronal responses to repeated splanchnic nerve stimulation were used to examine EA influence. Normal saline injected into the vlPAG after two repeated stimulations of the splanchnic nerve did not change the neuronal response (n=5, Fig.3 A). Stimulation at P 5-6 for 30 min increased the evoked response of NRP neurons from 3±1 to 10±2 spikes/30 stim (P<0.05) (Fig. 3A) . The facilitation continued after termination of EA and thereafter slowly returned toward the original pre-EA level (Fig.   3A ). Glutmatergic blockade in the vlPAG with KYN in five animals prevented the EArelated facilitation of the splanchnic nerve evoked NRP response (Fig. 3B) .
Identification of rVLM neurons
All nine recorded rVLM neurons received convergent input from splanchnic afferents, median nerves (underneath P 5-6 acupoints) and baroreceptors. We observed strong coherence (0.9±0.02) between rVLM discharge and BP. A similar strong correlation was found to exist between rVLM activity and renal nerve discharge (0.9±0.04) in a subset of three animals ( Fig. 4C and D) . Pulse triggered averaging
showed that all of the neurons were highly correlated with pulse (Fig. 4E) . Furthermore, intravenous injection of nitroglycerin decreased the BP from 119±11 to 74±6 mmHg (P<0.05) and increased rVLM activity (P<0.05). On the other hand, phenylephrine, increased BP from 111±11 to 197±16 mmHg (P<0.05) and decreased the rVLM discharge (P<0.05, Fig. 4B and F).
vlPAG Inhibition of rVLM activity.
Spontaneous discharge activity of the rVLM neurons averaged 5±2 spikes/s.
Splanchnic nerve evoked rVLM activity was decreased from 11±1 to 2±1spikes/30 stim after microinjection of DLH into the vlPAG (P<0.05). Injection of NS into the NRP did not influence vlPAG inhibition of the rVLM neuronal response (n=4, Fig. 5A ).
Conversely, KYN microinjected into NRP reversed the vlPAG-induced rVLM inhibition to 9±2 spikes/30 stim (n=5, Fig. 5B ).
Anatomical locations of microinjection and recording sites
Microinjection sites in the rostral and caudal vlPAG and NRP are shown in Fig. 6 . did not demonstrate facilitation of splanchnic nerve evoked activity following stimulation of the vlPAG with DLH.
Discussion:
The present study shows that the vlPAG provides an excitatory projection to the NRP that is involved in the long-loop EA P 5-6-related inhibition of sympathoexcitatory cardiovascular reflex responses. Previous studies have shown that raphé pallidus neurons are activated during EA and that they project to presympathetic rVLM neurons to inhibit excitatory blood pressure responses (8; 18) . The current hemodynamic study demonstrates that vlPAG inhibition of the cardiovascular pressor response could be reversed by injection of KYN into the NRP. We also provide electrophysiological evidence showing that stimulation of the median nerves for 30 min facilitates splanchnic nerve evoked activity in the NRP, which is reversed by blockade of glutamate receptors in the vlPAG (Fig. 3) . Neurons in the rVLM can be classified sympathoexcitatory cardiovascular neurons and a subset was shown to be presympathetic in function. In aggregate, the NRP and glutamate systems in the vlPAG and the NRP are essential for vlPAG inhibition of sympathoexcitatory reflex responses during EA.
We have shown in the current study that an excitatory projection from the vlPAG to the NRP is important in the EA-cardiovascular modulatory response.
Electrophysiological recordings demonstrated that chemical excitation of vlPAG neurons
facilitate the NRP neuronal response to splanchnic nerve stimulation. We also showed that EA facilitates the NRP response to splanchnic nerve stimulation. The facilitated NRP response could be blocked with KYN microinjected into the caudal vlPAG. Thus, the glutamate system in the caudal vlPAG and excitatory projections from the caudal vlPAG to the NRP contribute to the EA response.
We have shown previously that the influence of EA on sympathoexcitatory reflexes is mediated through a long-loop pathway involving the hypothalamic arcuate nucleus that projects to and receives information from the vlPAG in the midbrain (12) . The vlPAG, in turn, inhibits neuronal activity in the rVLM to ultimately modulate the cardiovascular responses during EA (23) . We also have reported that the vlPAG, in particular, the caudal vlPAG is important in the arcuate-vlPAG-rVLM long-loop modulatory pathway in EA cardiovascular inhibition (14) . The present study expands our understanding of the long-loop pathway and confirms the importance of the caudal vlPAG. Furthermore, since excitation of caudal vlPAG inhibited rVLM cardiovascular sympathoexcitatory neurons and since this inhibitory response was blocked with microinjection of KYN in the NRP this midline medullary nucleus through a glutamatergic mechanism could play an important role in EA-related modulation of cardiovascular sympathoexcitatory reflex activation. The NRP may simply serve as a modulatory input (e.g., pre-synaptic facilitatory role) to those vlPAG neurons projecting to the rVLM. The vlPAG to rVLM connection could simply require the integrity of the NRP to function. However, since our previous study has shown that there is an inhibitory serotonergic connection between the NRP and the rVLM, the indirect connection from the vlPAG to the rVLM through the NRP very likely is an important part of the long-loop pathway that modulates bulbospinal presympathetic outflow.
Zhang et al (27) suggested that the vlPAG inhibits rVLM through a pathway that involves nucleus obscurus. The present study confirmed that neurons in NRO and NRM, display similar characteristics as the neurons in the NRP. Thus, these raphé nuclei may share similar function. However, Guo et al have shown previously (8) that a much greater number of NRP neurons express c-Fos in response to EA stimulation relative to both the obscurus and the magnus. Hence, in the present study we focused on the pallidus region of the nucleus raphé.
Several anatomical studies have suggested that the vlPAG provides direct projections to the rVLM (6; 9; 16; 17; 26). Although we have shown an important role for an indirect pathway from the vlPAG to the rVLM in the EA response, we cannot rule out the possibility that a direct pathway also is involved, which may have lesser inhibitory effect. Such a possibility deserves further investigation.
We have identified rVLM neurons that were correlated significantly with BP and renal sympathetic activity. The neurons not only received convergent input from splanchnic, median nerves and baroreceptor afferents but also were influenced by the NRP. We have shown in our previous studies that premotor rVLM neurons with the specific convergent and cardiovascular characteristics are modified by 30 min of low frequency, low current somatic stimulation (21) (22) (23) . We also have shown strong correlations between rVLM and renal sympathetic activity, thus allowing us to classify a subset of these neurons as presympathetic in function (14; 18) . During EA the NRP exerts its action on presympathetic rVLM neurons through serotonin 1A receptors (18) .
The rVLM neurons that during EA are inhibited by serotonergic projections from the NRP likely are premotor sympathoexcitatory cardiovascular neurons that directly modify sympathetic outflow since as many as 85% of neurons in the rVLM that receive input during EA stimulation can be antidromically driven from the intermediolateral column of the thoracic spinal cord (21) . Thus, although we classified only a small subset of neurons that received vlPAG-NRP input as presympathetic, it is likely that many rVLM neurons that receive NRP input and which are modulated by EA either directly or indirectly regulate sympathetic function.
Perspectives and Significance:
We have identified an important midline medullary region, the NRP that contributes to the long-loop pathway essential during the inhibitory cardiovascular action of acupuncture at certain acupoints (P 5-6). Excitation of vlPAG occurs following activation of the arcuate to, in turn, through a glutamatergic mechanism activate the NRP, which subsequently inhibits activity of cardiovascular sympathoexcitatory rVLM neurons (Fig. 7) . The present study together with our previous work completes the neural circuitry of EA inhibition on rVLM sympathetic cardiovascular neurons and reflex increase of BP. This neural pathway contributes to the long-lasting inhibitory effect of EA on cardiovascular disease, such as hypertension. One of our future studies will concentrate on the EA effect on hypotension and analyze why EA can lower BP during 20 hypertension and raise BP during hypotension. Probably, the EA effect is depending on the status of these neurons and different neurotransmitters released.
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